New, cost effective fabrication processes for bonding and thinning silicon wafers for improving device performance and creating 3-D structures were investigated. Wafer bonding and de-bonding are key fabrication steps for many applications such as 3-D devices. Double bond transfer and single bond processes to fabricate silicon thin films on permanent substrates were investigated. Polymer and direct bonding techniques were studied to create both permanent and temporary bonds.
Introduction
Innovative fabrication processes for bonding and thinning silicon wafers for improving device performance and creating 3D structures were investigated. As the physical limits of transistor scaling are approaching, there is a need to look for nontraditional methods to improve device performance. Wafer bonding and de-bonding are key fabrication steps for many applications including fabrication of 3D devices and heterointegration. Among various types of wafer bonding, polymer bonding is of particular interest because of its processing advantages, especially the ability to bond at low temperature with high bond strength.
Thin-film transistors on flexible plastic substrates are of interest because they offer several advantages including reduced weight, thinness, flexibility, shock resistance, and low cost (2) , (3) . The ability to create high quality thin films of silicon by bonding, thinning and de-bonding can be used to develop devices on flexible silicon. A step-bystep procedure for fabricating thin-film silicon on plastic and quartz substrates was developed.
The effectiveness of several bonding agents for permanent and nonpermanent bonding of silicon wafers to rigid and flexible substrates was investigated. Regardless of the desired substrate, the process for fabrication of silicon thin-films is substantially similar. A schematic of the processing steps is shown in Figure 1 .
As shown in Figure 1 , conceptually, the process is simple: bond a target silicon wafer (SOI) to a substrate and thin the target wafer to the desired thickness. Practically there are several processes and multiple techniques to optimize the results at each step. The target wafer can be bonded directly to its final substrate and thinned or can be temporarily bonded to a handle substrate used for stability while creating the thin-film, thinned, transferred to a permanent substrate and de-bonded from the temporary substrate. Quartz and silicon were used as rigid substrates and Dupont PEN (polyethylene naphthalate) was used as the flexible substrate. The processing steps that were investigated include: direct bonding and adhesive bonding using PMMA (8% polymethyl methacrylate) and BCB (benzocyclobutene), thin film silicon fabrication by etching and ion-cut, and de-bonding by laser ablation and solvent dissolution. A comparison of the bonding materials and de-bonding methods is presented.
Experimental

Single Bond Process
Four inch SOI wafers were bonded to PEN material. The SOI was cleaned in an ultrasonic SC1 bath at 40°C for ten minutes, rinsed in DI water and spin dried. One set of SOI wafers were then plasma treated for seven seconds in argon before direct bonding to the PEN. Another set of SOI wafers was spin coated with PMMA and soft baked for ten minutes at 90°C prior to bonding to the PEN. The PEN material was rinsed in DI water followed by an alcohol rinse. Both the direct and adhesive bonded samples were placed on a hot plate with approximately 50 N applied to the top of the samples, and annealed at 100°C for 24 hours. Following the anneal step, the bond strength was tested using a modified peel test. The samples were thinned using 49% HF, 69.5% HNO 3 , and glacial acetic acid in a 1:3:8 ratio. Temporary Bond. Four inch silicon wafers were bonded to thin (325 µm) fused silica using BCB as the adhesive. The silicon and silica wafers were cleaned using an ultrasonic SC1 bath, rinsed in DI water and spin dried. An adhesive promoter followed by B CB was spin coated on the silicon wafers. The wafers were soft baked for 20 minutes at 100°C. The wafers were then bonded and annealed in a similar fashion to the single bond process described above. A second set of four inch silicon wafers was cleaned in the ultrasonic SC1 bath, rinsed, spin dried and coated with PMMA. This set of wafers was bonded to a quartz wafer that was machined with microchannels. The microchannels allowed for the delivery of solvent to the bonding interface. Both the thinned fused silica and the micromachined quartz served as a temporary handle substrate during the silicon thinning step. This type of handle substrate could also be made of silicon, an advantage of which is the handle would match the thermal expansion coefficient of the thin transfer layer. If the ion cut process is used for thinning the target silicon, this type of handle would provide the necessary stability to prevent thin film fracture. This type of handle is especially attractive when considering device manufacture because it can be reused.
De-bonding. Two different methods for de-bonding were investigated. The first technique was laser ablation. A 248 nm excimer laser with a 1x1 mm spot size was focused on the interface of the fused silica-silicon bonded pair. The beam was applied through the thin fused silica and ablated the BCB adhesive layer used to bond the fused silica to the silicon.
The second de-bonding method was used with the microchannel quartz wafer bonded to silicon used a heated acetone bath. The silica handle wafer was exposed to an adhesive solvent that reached the interface through the microchannels. A schematic of the process is shown in Figure 2 . SOI wafers with an etchstop layer were used in the double-bond transfer. Previous experiments have successfully created ion cut silicon thin films using a high temperature polymer as the temporary bonding material (4). The SOI was bonded to two different temporary substrate handle wafers, quartz and fused silica, for comparison. PMMA and BCB were used for the temporary bonds. After bonding to the handle wafer the SOI substrate was selectively thinned using heated TMAH (tetramethyl ammonium hydroxide). The bond integrity was observed through the transparent handle wafers. SOI wafers were permanently bonded to PEN substrates. The silicon was thinned using 49% HF, 69.5% HNO 3 , and glacial acetic acid in a 1:3:8 ratio.
Results
Wafer Thinning
Ion Cut Technique. The ion cut method for fabricating silicon thin films was investigated. It is attractive because it eliminates the need for the severely caustic etchant used in alternate thinning techniques, although ion cut does require an elevated temperature step. Hydrogen ions were implanted approximately 360 nm below the surface of a silicon target wafer using ion bombardment. After the hydrogen implantation, a three to four µm layer of TEOS was grown on the surface as a stiffener. This technique was used because it is a low temperature oxide production process. The target wafer was then bonded to a handle substrate and the system was heated to 400 o C. At 400 o C the hydrogen coalesces to form bubbles of hydrogen gas inside the target wafer at the depth associated with the peak of the ion implant profile. These gaseous microbubbles create internal stress that cause microcracks in the silicon. The result is a thin layer of silicon (360nm) and oxide left bonded to the handle substrate. When the silicon is not stabilized with the oxide layer, the ion cut process results in dimpling of the polymer bond layer; the silicon film does not maintain integr ity and flakes off (Figures 3  and 4) . After successful formation of the silicon thin film it can be permanently bonded to either a rigid or flexible substrate and de-bonded from the handle substrate. Etch Back Thinning. The etch rates of silicon vary with concentration of TMAH used for etching the silicon bonded to the rigid substrate. The silicon wafers were (100) n-type and we used heated TMAH. The etch rate at 90 o C was about 1 µm/min for 25% TMAH.
The integrity of the temporary bond can be compromised during the etch back process. We bonded silicon wafers to a quartz handle using PMMA. The silicon was removed with heated 25% TMAH etch. The PMMA started to peel after a few minutes with an etch of TMAH at 65 o C. When the TMAH etch was at 75 o C the PMMA was completely removed and the whole wafer was de-bonded after 10 minutes. The PMMA bond was not able to withstand the extended exposure to the TMAH etchant required to thin the silicon. Clearly PMMA is not an appropriate adhesive for this application since the thinning step must be done prior to transferring the thin film of silicon to a permanent substrate.
Polymer temporary bonds using BCB did provide the integrity required to thin the silicon target wafer. Silicon wafers were bonded to a quartz handle using BCB and the silicon was removed with heated TMAH etch. The etch rate was about 1 µm/min at 90 o C. BCB is a good choice for the silicon thin film transfer process. The bond maintained its integrity even after immersion in the heated TMAH for 45 minutes.
Silicon bonded to PEN was thinned with 49% HF, 69.5% HNO 3 , and glacial acetic acid in a 1:3:8 ratio. The etch rate was more than 1 µm/min at room temperature. The PEN was inert to the etchant; it remained intact and flexible after exposure to the etchant for more than 60 minutes.
De-bonding Temporary Bonds
Laser ablation was used to de-bond thin film silicon from a thin film silica handle wafer. The 248 eximer laser was applied in a rectangular pattern, 1mm x 1mm spot size, to remove the BCB adhesive layer used for bonding to the fused silica ( Figure 5 ). The by-products were gases and low-molecular weight hydrocarbons. When the temporary substrate was the microchannel quartz wafer, the temporary bond was removed by submerging the bonded pair in heated acetone thereby exposing the bonded layer to the solvent (Figure 6 ). The adhesive was PMMA; the system was exposed to heated acetone for two hours. This process is slow because the reaction is mass transfer limited. This is a promising de-bonding method; however the channels must be optimized for solvent delivery. Previously a direct bond to a silicon microchanneled wafer with deposited TEOS as the bonding material was successfully used to transfer a silicon thin film to a second substrate (4); HF was used to remove the oxide layer and release the silicon thin film from the handle substrate (Figure 7) . The requirements for bonding using deposited TEOS are very stringent, for instance the TEOS must have CMP before bonding. 
Conclusion
Thin films of silicon on permanent substrates were successfully prepared. The double bond-transfer process can be used if a stabilizing oxide layer is grown on the silicon surface. The single bond process for fabricating flexible thin films of silicon appears to offer much promise because an extremely strong bond was developed between the PEN substrate and a plasma activated SOI wafer. Further investigations of the reliability and integrity of the physical and electrical properties of the bonded structures are needed to develop this technology.
